We present evidence that, in Escherichia coli, polar positional information is present at midcell independent of known cell division factors. In filamented cells, IcsA, which is normally polar, localizes at or near potential cell division sites. Because the cell pole is derived from the septum, the sites to which IcsA localizes in filaments correspond to future poles. IcsA localization to these sites is independent of FtsZ, MinCDE, septation, and nucleoid occlusion, indicating that positional information for the future pole is independent of cell division and chromosome positioning. Upon IcsA localization to these sites, septation is inhibited, suggesting that IcsA recognition of this polar positional information may influence cell division.
T
he new pole of a bacterial cell is derived from the septum formed during the previous cell division, and the old pole is derived from the septum formed at an earlier cell division. Bacterial cell division occurs by recruitment of the tubulin-like protein FtsZ to midcell, polymerization of FtsZ into a cytokinetic ring, and contraction of that ring (1, 2) . Polymerization and contraction of the FtsZ ring normally involves at least 10 associated proteins, each of which directly or indirectly depends on FtsZ for localization to midcell (3, 4) .
Two factors known to be important in placement of the FtsZ ring at midcell are the Min proteins (MinCDE) and positioning of the daughter chromosomes (5) (6) (7) (8) (9) . The choice of division site in Escherichia coli depends in part on MinCDE, because in their absence an FtsZ ring can form at any of three potential division sites located at midcell or at either pole. MinCDE prevent division at the two polar potential division sites, thereby restricting FtsZ ring localization to midcell (5) . The molecular mechanism of nucleoid-mediated occlusion of cell division is less clearly understood. Experimental evidence for an effect of nucleoid occlusion is based on the observation that, in mutants in which DNA replication and͞or segregation is perturbed, FtsZ rings and septa tend to form in nucleoid-free regions (7) . Moreover, in anucleate cells, localization of FtsZ rings to midcell is less precise (8) .
Several bacterial proteins, including proteins essential to virulence of bacterial pathogens, are known to localize to one or both cell poles (10) . Shigella move through the cytosol of infected mammalian cells by assembly of an actin tail on one pole of the bacterium (11) . The Shigella outer membrane protein IcsA (VirG) localizes to the pole of the bacterium (12) , where it mediates assembly of the actin tail. Targeting of IcsA to the pole occurs in the bacterial cytoplasm or at the cytoplasmic face of the inner membrane (13, 14) . Each of two regions within IcsA (IcsA and IcsA 507-620 ) is sufficient for polar localization (14) . When expressed in E. coli and other Enterobacteriacae, IcsA, IcsA , and IcsA 507-620 , localize to the pole (14, 15) , indicating that the polar targeting mechanism is widely conserved. The positional information that enables IcsA and other polarly localized proteins to recognize one or both poles is incompletely understood.
Because the pole is derived from a prior cell division event, we examined whether positional information necessary for proper localization of IcsA depends on factors known to be involved in septation. We found that IcsA localizes to the sites of future poles independent of FtsZ, MinCDE, and nucleoid occlusion. These data indicate that polar positional information required for IcsA localization is independent of both known components of the cell division machinery and nucleoid occlusion.
Materials and Methods
Bacterial Strains and Growth Conditions. Bacterial strains used in this study are listed in Table 1 . Strains were grown in LB or M9 minimal media supplemented with 0.2% glycerol. WT strains were maintained at 37°C. ftsZ84 (Ts) (gift of J. Beckwith, Harvard Medical School), ftsA12 (Ts) dnaA5 (Ts) (gift of L. I. Rothfield, University of Connecticut Health Center, Farmington), and ⌬minCDE dnaA5 (Ts) strains were maintained at 30°C. ftsZ84 (Ts) ⌬minCDE and mukB strains were maintained at 25°C. When required, antibiotics were used at the following concentrations: ampicillin, 100 g⅐ml Ϫ1 ; chloramphenicol, 25 g⅐ml Ϫ1 ; kanamycin, 50 g⅐ml Ϫ1 ; and tetracycline, 10 g⅐ml Ϫ1 . Standard techniques were used for cloning and analysis of DNA, PCR, electroporation, transformation, and P1 phage transduction (16, 17) .
Expression of IcsA-GFP. Induction of IcsA-GFP fusions was by addition of L-arabinose to the culture medium to 0.2%. For IcsA localization in cells filamented by inhibition of FtsI, aztreonam, which inhibits FtsI, was added to cells to a final concentration of 1 g⅐ml Ϫ1 at OD 600 0.2, and growth was continued to OD 600 0.4-0.6, at which point IcsA-GFP expression was induced for 40 min at room temperature. For IcsA-GFP localization studies in ftsZ84 (Ts), ftsZ84 (Ts) ⌬minCDE, ftsA12 (Ts) dnaA5 (Ts), and ⌬minCDE dnaA5 (Ts) strains, cells were grown to OD 600 0.3-0.4 and then shifted to 42°C (the restrictive temperature) for 60 min, at which point IcsA-GFP expression was induced for an additional 10 min at 42°C; for IcsA-GFP localization to midcell in the WT strain, identical growth conditions were used.
Protein Analysis and Quantification of IcsA Expression. Whole-cell proteins were prepared from bacterial cultures immediately before microscopy. For quantification of levels of IcsA expression, protein loading was normalized to cell density, and Western blot analysis was performed by using antisera to either IcsA (12) or GFP (Molecular Probes). Band densitometry was performed by using QUANTITY ONE quantitation software (Bio-Rad). Comparison of the level of expression of IcsA-GFP to that of native IcsA in exponential phase Shigella was performed in a similar manner. The level of native IcsA was determined for a Shigella strain that carries a disruption in the gene encoding the protease that cleaves IcsA at the bacterial surface (icsP), because in this strain, essentially all translated IcsA is cell associated and therefore detected in whole-cell protein preparations. This ap-proach differs from an approach we used previously for making such comparisons (14) . In the previous approach, we compared the level of IcsA-GFP to the level of native IcsA in WT Shigella, for which a significant amount of translated IcsA fractionates to the culture supernatant and not to the pellet used for the whole-cell proteins that were analyzed. This previous approach undoubtedly underestimated the level of expression of native IcsA (18) .
Localization of IcsA-GFP in the Presence of Full-Length IcsA. To test the localization of IcsA 507-620 -GFP in the presence of full-length IcsA, full-length icsA was expressed under the control of the native icsA promoter in pBR322 (18) . To maintain plasmid compatibility, the IcsA 507-620 -GFP fusion plasmid was expressed under the control of the arabinose promoter in pBAD33. Cells were filamented by addition of aztreonam as described above. To attain levels of expression of IcsA-GFP that were comparable to that attained in the pBAD24 expression vector, expression of the pBAD33 derivative was induced for up to 80 min at room temperature. The intensity of the diffuse signal from delocalized IcsA-GFP in cells that were also expressing full-length IcsA was measured by using IPLAB scientific imaging software (Scanalytics, Fairfax, VA). Mean pixel intensity was determined for each of three 2-by-2-pixel squares spaced along the length of each of 20 filaments for each strain.
Localization of IcsA-GFP and FtsZ. Cells were filamented by treatment with aztreonam, and IcsA-GFP expression was induced as described above. The cells were subsequently fixed with 80% methanol (19, 20) and immunostained with antiserum to FtsZ (1:20,000 dilution, gift of D. RayChaudhuri, Tufts University School of Medicine, Boston) and a Texas red-conjugated secondary antibody. Cells were then stained with 10 l of 4Ј,6-diamidino-2-phenylindole (DAPI, 10 g⅐ml Ϫ1 ) for 1 min to visualize the nucleoids.
Microscopy. Bacteria were mounted onto a 1% agarose or LBagar pad containing 0.4% glucose on a 15-well slide (ICN) and were visualized and imaged as described (14) . For time-lapse experiments, bacterial samples immobilized on slides were maintained in a 30°C incubator (that encompasses the microscope stage). Unless otherwise indicated, staining for nucleoids was by incubation in the presence of 0.2 g⅐ml Ϫ1 DAPI for 5 min immediately before mounting.
Tabulation of Targeting Patterns. The interval and regularity of spacing of IcsA-GFP foci was determined by measuring and tabulating the distance from one end of the cell to each of Ͼ40 individual GFP foci per strain. For the ⌬minCDE mutant, only filaments greater than or equal to two normal cell lengths were tabulated. For tabulation of IcsA-GFP foci within nucleate or anucleate regions of chromosome partitioning mutants, the spacing between two foci was included in the tabulation only when both foci were located within the same nucleate or anucleate region. Tabulation of IcsA-GFP targeting patterns in WT cells was performed on 100 bacteria that had been previously randomly selected on phase images as described (14) .
Inhibition of Cell Division Assay. For determining the effect of expression of IcsA-GFP or GFP on cell division of the ftsZ84 (Ts) mutant upon restoration of functional FtsZ, cells were grown for 60 min at 42°C (the restrictive temperature), at which point growth was continued for an additional 10 min at 42°C with or without induction of IcsA-GFP or GFP. Cultures were then shifted to the permissive temperature and plated for colony counts at each of two times: (i) at the time of shift to the permissive temperature, and (ii) 30 min after growth at the permissive temperature. In each case, immediately before the shift to the permissive temperature, cells were washed to remove the inducer.
For determining the effect of expression of IcsA-GFP or GFP on cell division of the ftsZ84 (Ts) strain at the permissive temperature or the WT strain, cells were grown after subculturing for 2 h at 30°C, at which point growth was continued for an additional 30 min at 30°C, with or without induction of IcsA-GFP or GFP. Samples for colony counts were taken and plated at each of two times: (i) at the end of the 2-h growth at 30°C, immediately before induction, and (ii) at the end of the 30-min period of additional growth with or without induction. In each case, immediately after induction, cells were washed to remove the inducer.
The effect of expression of IcsA-GFP or GFP on cell division in each of these strains and conditions was determined from colony counts as follows. For each experiment, the ratio of the colony-forming units (CFUs) from the sample taken at the second plating (time ii) to the CFUs from the sample taken at the first plating (time i) was calculated. The numbers seen in Table 3 represent the mean of three or more independent experiments. The efficiency of cell division was calculated as the extent of inhibition of cell division normalized to that of GFP alone in the same strain background under the same conditions.
Results and Discussion
Upon Inhibition of Septation, IcsA Localized at or near Cell Division Sites. We analyzed localization of IcsA 507-620 -GFP and IcsA 1-104 -GFP, which remain cytoplasmic, in E. coli treated with aztreonam, which blocks FtsI (penicillin-binding protein 3, PBP3), a cell division protein that is recruited toward the end of the cell division dependency cascade (21, 22) . As expected, treatment with aztreonam induced the formation of filaments (Fig. 1A) . GFP fluorescent foci from IcsA 507-620 -GFP and IcsA 1-104 -GFP localized at regularly spaced intervals along the length of the filaments and at the extreme ends of the filaments (Fig. 1B and data not shown) . The IcsA-GFP foci were localized to gaps between the nucleoids ( Fig. 1 C and D) , which correspond to potential cell division sites, suggesting that IcsA-GFP was positioned at or near the cell division site.
Interference of Full-Length IcsA with IcsA507-620-GFP Localization. To determine whether the localization of IcsA 507-620 -GFP foci at regularly spaced intervals along the length of filaments was specific, we examined the ability of full-length IcsA to interfere with this localization. Upon expression of full-length IcsA in trans, the GFP signal from IcsA 507-620 -GFP was diffuse (Fig. 2) , suggesting that full-length IcsA interferes with interactions of IcsA 507-620 -GFP with a putative target. In these studies, to maintain plasmid compatibility, IcsA 507-620 -GFP was expressed from the arabinose promoter in pBAD33, whose copy number is lower than that of pBAD24, which was used in the other experiments presented in this study. To adjust for this, we also examined the interference of full-length IcsA with IcsA 507-620 -GFP expressed for a prolonged period (80 min) from pBAD33, under which conditions the level of expression of IcsA 507-620 -GFP was comparable to that attained from pBAD24 under experimental conditions used elsewhere in this study, as determined by Western blot analysis (data not shown). Under these conditions, full-length IcsA continued to interfere with IcsA 507-620 -GFP, as determined by a significant 2-fold increase in the intensity of the diffuse delocalized GFP signal in these cells compared to cells that expressed only IcsA 507-620 -GFP. Of note, under these conditions, the level of IcsA-GFP in the cells was Ϸ2-to 6-fold greater than that of native IcsA in Shigella. These results strongly suggest that localization of IcsA 507-620 -GFP at intervals in filaments is specific and not a result of the formation of inclusion bodies or protein aggregates.
IcsA Was Indeed at or near Cell Division Sites. We examined localization of IcsA and FtsZ rings in E. coli cells filamented by treatment with aztreonam. In these filaments, FtsZ rings localize with or adjacent to IcsA 507-620 -GFP foci (Fig. 3) . In general, FtsZ rings formed only at every other or at every fourth potential division site along the length of the filament, as determined by the spacing of the nucleoids. In contrast, IcsA-GFP localized not only at or adjacent to those potential cell division sites at which FtsZ rings were found, but also at or adjacent to essentially all potential cell division sites between FtsZ rings. A similar pattern of FtsZ ring localization has been observed (23) . The localization of some of the IcsA foci at or adjacent to FtsZ rings indicates that at least some, and perhaps all, of the sites to which IcsA localizes in filaments are at or near the potential cell division sites. The localization of IcsA to positions between the nucleoids that correspond to potential cell division sites, but at which FtsZ rings are not present, suggests that IcsA positional information may be independent of FtsZ.
IcsA Localization at or near Cell Division Sites Is Independent of FtsZ.
Many proteins are known to colocalize with the cell division site; each protein that has been shown to localize to cell division sites depends on FtsZ for its localization. P1 and F plasmids also localize to midcell (24) ; localization of these plasmids may be independent of FtsZ, because upon FtsZ ring depletion with cephalexin (which inhibits FtsI), the plasmids localize at regular intervals along the length of filaments (23, 24) . In contrast to other proteins known to colocalize with the cell division site, we found that IcsA is independent of FtsZ for its localization. We analyzed localization of IcsA 507-620 -GFP and IcsA 1-104 -GFP in an ftsZ84 (Ts) background. As expected, at the restrictive temperature, ftsZ84 (Ts) cells formed filaments with no visible constrictions, because of their inability to assemble an FtsZ ring at the cell division site (25) (26) (27) . After growth at the restrictive temperature, IcsA 507-620 -GFP and IcsA 1-104 -GFP each formed fluorescent foci at regularly spaced intervals along the length of the filaments and at the extreme ends of the filaments (Fig. 1E and data not shown) .
The spacing of the IcsA-GFP foci was similar to the spacing of cell division sites. We calculated the interval and regularity of spacing of the foci. The distance from one end of the filament of each IcsA 507-620 -GFP focus was plotted as a function of cell length (Fig. 1F) . In vegetative E. coli, one bacterial cell length is Ϸ2-3 m (28), and in filamentous cells, FtsZ rings localize at similar intervals of 2-3 m (29). In ftsZ84 (Ts) filaments, IcsA 507-620 -GFP foci were spaced at a distance of 2.6 Ϯ 0.5 m (mean Ϯ SD) (Fig. 1F and Table 2 ), which is similar to the spacing of foci in WT cells that were filamented by treatment with aztreonam (Table 2 ). This spacing places approximately one focus per cell length. IcsA 1-104 -GFP foci showed similar spacing intervals. Taken together, these results indicate that IcsA localizes at or near potential division sites. Furthermore, unlike all other proteins that colocalize with FtsZ, IcsA localization occurs independently of the recruitment of FtsZ and downstream cell division proteins to the cell division site.
IcsA Positioning in ftsZ84 (Ts) Filaments Is Independent of Min Pro-
teins. The Min system functions as a negative regulator of FtsZ ring placement (30) . In the absence of Min proteins, FtsZ is capable of forming rings at each of the three potential division sites, leading to a mix of short filaments, anucleate mini cells, and normal-sized cells. We analyzed IcsA 1-104 -GFP and IcsA 507-620 -GFP localization in a ⌬minCDE mutant and a ftsZ84 (Ts) ⌬minCDE double mutant. As for the ftsZ84 (Ts) filaments, in both the ⌬minCDE and ftsZ84 (Ts) ⌬minCDE filaments, IcsA-GFP fluorescent foci localized at or near potential division sites. In ⌬minCDE filaments, IcsA 507-620 -GFP foci were spaced at 2.6 Ϯ 0.7 m (mean Ϯ SD, Table 2 ), which places approximately one focus per normal cell length. The spacing of foci in the ftsZ84 (Ts) ⌬minCDE filaments was slightly, albeit not significantly wider (3.3 Ϯ 1.2 m, Table 2 ). The significance of this finding is uncertain, as foci were generally located between nucleoids, suggesting that the sites to which the foci located nevertheless represented potential cell division sites and potential poles. These results indicate that IcsA recognition of polar positional information at or near potential cell division sites occurs independently of both FtsZ and the Min proteins.
Localization of IcsA-GFP Foci Is Independent of Nucleoid Occlusion.
The observed colocalization of IcsA 507-620 -GFP dots with nucleoidfree gaps (Fig. 1D ) could be consistent with a role of nucleoid occlusion in its positioning. If nucleoid occlusion played a role in IcsA targeting, we predicted that IcsA localization would be random in anucleate cells or anucleate segments of filaments.
We examined positioning of IcsA 1-104 -GFP and IcsA 507-620 -GFP in anucleate segments of filamented cells. Null mutants in mukB display defects in nucleoid structure and segregation, leading to Ϸ5-13% of cells being anucleate (31) . In mukB mutants, FtsZ rings appear to form on top of nucleoids in some instances and lack precision in localization to midcell (32) . We examined the localization of IcsA 507-620 -GFP foci in mukB cells that were filamented with aztreonam, quantifying only those cells that, on DAPI staining, clearly contained anucleate segments. IcsA 507-620 -GFP foci were localized at fairly regular intervals along the lengths of the filaments, including within anucleate segments (Fig. 4 A and B and Table 2 ). The dots were spaced at 2.6 Ϯ 1.1 m (mean Ϯ SD), which again places approximately one focus per cell length; the mean of 2.6 m is similar to those observed for foci in WT cells filamented with aztreonam and ftsZ84 (Ts) filaments ( Table 2 ). The anucleate segments comprised 22.1% of the total length of the cells that were quantified. IcsA 507-620 -GFP foci were spaced similarly in nucleoid and nucleoid-free regions of the filaments (Table 2 ). These data indicate that IcsA localization at or near potential cell division sites is independent of nucleoid occlusion. The Min proteins and nucleoid occlusion have redundant effects on the position of the cell division septum (8) . To address whether the two might have a redundant role in IcsA localization, we examined the positioning of IcsA-GFP in mutants in which both cell division and chromosome positioning were defective. The spacing of IcsA 507-620 -GFP foci was determined in filaments of an ftsA12 (Ts) dnaA5 (Ts) strain and a ⌬minCDE dnaA5 (Ts) strain. When grown at the restrictive temperature (42°C), each of these strains forms filaments with extended chromosome-free regions at the filament ends (Fig. 4 C-F) . Fifty-two percent of the total length of the ftsA12 (Ts) dnaA5 (Ts) filaments and 46% of the total length of the ⌬minCDE dnaA5 (Ts) filaments were anucleate. In each strain, IcsA 507-620-GFP foci localized at periodic intervals within anucleate and nucleate regions of the filaments (Fig. 4 C-F) . The spacing of IcsA-GFP foci in the ftsA12 (Ts) dnaA5 (Ts) filaments was similar to that of the WT strains filamented with aztreonam, the ftsZ84 (Ts) strain, and the ⌬minCDE strain. Moreover, the spacing of foci was similar within the anucleate and nucleate regions of these filaments ( Table 2 ). The spacing of IcsA-GFP foci in the ⌬minCDE dnaA5 (Ts) filaments was slightly, albeit not significantly, wider (3.9 Ϯ 1.7 m, Table 2 ). Of note, this strain lacks the Min proteins, whereas the ftsA12 (Ts) dnaA5 (Ts) strain contains them. The wider spacing observed in these filaments appears to not be determined by the positioning of the nucleoid, because foci were spaced similarly in the anucleate and nucleate regions of the filaments ( Table 2 ). The SD on the mean distance between foci was slightly larger for the ⌬minCDE dnaA5 (Ts) filaments (1.7 m) than for other strains (0.5-1.3 m, Table 2 ), indicating that the regularity of spacing of IcsA positional information was also altered slightly. Thus, in the absence of both proper chromosome partitioning and the Min proteins, IcsA positional information is spaced at slightly wider than normal intervals and with slightly less precision, suggesting that the redundant effects of the two systems contributes to the precise spacing of polar positional information. Nevertheless, in the absence of these two systems, IcsA localization was not markedly perturbed, indicating that IcsA recognition of polar positional information is largely independent of the redundant effects of the cell division apparatus and nucleoid occlusion.
Expression of IcsA-GFP Constructs Inhibits Cell Division of ftsZ84 (Ts)
Filaments upon Return to the Permissive Temperature. Given that IcsA localized at or near the potential cell division sites in filaments, we explored whether IcsA might be recognizing a structure involved in the cell division pathway. We reasoned that if IcsA was recognizing such a structure, its localization at or near potential division sites might block subsequent cell division. Therefore, we tested whether IcsA localization in filaments lacking localized FtsZ rings inhibited cell division upon restoration of functional FtsZ. We monitored cell division patterns of ftsZ84 (Ts) filaments, in which either IcsA was expressed or not expressed, upon subsequent return to the permissive temperature. When IcsA 507-620 -GFP was expressed, septation appeared blocked, with cells remaining filamentous for up to 60 min at the permissive temperature (Fig. 5B) . In contrast, when IcsA 507-620 -GFP was not expressed, within 20 min, septa began to form, and by 60 min, most filaments had divided into multiple individual cells (Fig. 5A) . IcsA expression did not alter FtsZ stability, and the level of expression of IcsA 507-620 -GFP was comparable to that in other experiments (data not shown). In a small percentage of filaments in which IcsA 507-620 -GFP had been induced, division occurred, but these filaments lacked fluorescence, indicating minimal or absent IcsA-GFP expression in this subpopulation of cells (data not shown).
We then determined whether, upon FtsZ release, the number of individual cells in the population increased significantly less in the presence of IcsA than in the absence of IcsA. The relative increase in CFUs that occurred upon FtsZ release (expressed as the ratio of CFUs 30 min after FtsZ release to CFUs immediately before FtsZ release) was significantly less when IcsA 1-104 -GFP or IcsA 507-620 -GFP was expressed than when the IcsA-GFP fusion was not expressed (Table 3) . Expression of GFP alone had only a minor effect on the increase in CFUs (Table 3 ). In parallel, we examined cell division upon IcsA-GFP expression in the ftsZ84 (Ts) strain grown at the permissive temperature; in this case, expression of the IcsA-GFP fusions had no effect on cell division (Table 3) . However, filaments do not form under these conditions, and IcsA does not localize at or near the cell division sites (data not shown and see below). These results suggest that IcsA-GFP localization at or near potential division sites in filaments may inhibit subsequent cell division. IcsA-GFP may inhibit cell division by blocking proper localization or function of FtsZ; however, our results do not exclude the possibility that IcsA-GFP blocks FtsZ renaturation or that IcsA-GFP competes with FtsZ for a chaperone. Taken together, IcsA recognition of polar positional information appears to influence cell division, yet this positional information is independent of known cell division proteins.
In WT cells, IcsA is found at essentially all old poles, but only Ϸ50% of new poles (14) , leading to the hypothesis that IcsA positional information either depends on maturation of the pole or is transiently masked at new poles. Consistent with this hypothesis is the absence, in WT cells, of IcsA at midcell: Ͻ1% of cells expressing IcsA 1-104 -GFP and Ϸ1% of cells expressing IcsA 507-620 -GFP had fluorescent foci at midcell. Additionally, expression of IcsA-GFP fusions had no effect on cell division of the WT strain at 42°C, 37°C, or 30°C (Table 3 and data not shown). Thus, examination of IcsA localization in filaments has permitted the uncoupling of the known cell division pathway from the generation of polar positional information.
Uncoupling of the known cell division pathway from the generation of polar positional information has enabled us to demonstrate that polar positional information is independent of the known cell division pathway. This polar positional information is present in the absence of septation, and therefore is set up independently of the cell division site becoming a pole. Furthermore, nucleoid occlusion is not the basis of this positional information, although nucleoid positioning and the Min proteins appear to have some redundant effect on the precision of the spacing of IcsA foci. The structure recognized at the cell pole by IcsA, and perhaps by other polarly localized proteins, is present in some form in the cytoplasm or at the cytoplasmic face of the inner membrane and at or near the cell division site. IcsA binding to this site inhibits cell division, suggesting that the two may be linked.
